Measuring very small forces [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15] , particularly those of a gravitational nature, has always been of great interest, as fundamental tests of our understanding of the physical laws. Ultra-long period mechanical oscillators, typically used in such measurements, will have kBT /2 of thermal energy associated with each degree of freedom, owing to the equalpartition of energy. Moreover, additional seismic fluctuations in the low frequency band can raise this equivalent temperature significantly to ∼ 10 5 K. Recently, various methods using opto-mechanical forces [16, 17, 18, 19, 20, 21] have been reported to decrease this thermal energy for M Hz, microcantilever oscillators, effectively cooling them. Here we show the direct, dynamical cooling of a gram-size, macroscopic oscillator to ∼ 300 mK in equivalent temperature -noise reduction by a factor of ∼ 10 6 . By precisely measuring the torsional oscillator's position, we dynamically provide an external 'viscous' damping force. Such an added, dissipative force is essentially free of noise, resulting in rapid cooling of the oscillator. Additionally, we observe the time-dependent cooling process, at various cooling force parameters. This parameter dependence agrees well with a simple physical model which we provide. We further show that the device is sensitive to forces as small as < 100 f N -a force only a few percent of that typically exerted by a single biological molecule or that observed in a typical gravity experiment. We also demonstrate the dynamic control of the oscillator's natural frequency, over a span of nearly two decades. The method may find important applications in precision measurements of very weak forces.
Ultra-long period mechanical oscillators have important applications in precision measurement science, both for measuring very small forces and for providing a nonmoving reference point in interferometry. The measurement of very small forces [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15] , particularly those of a gravitational nature, has always been of great interest, for these measurements often provide tests of our fundamental understanding of the physical laws, such as the 'weak' equivalence principle [3, 4, 5] and gravitational waves [6] . The experiments usually employ low-frequency, macroscopic, mechanical oscillators, such as a torsion balance [7] or a suspended mass [6] . As a result of the very small restoring force k and a relatively large mass m of the system, high sensitivity often implies low natural frequency. However, the micro-seismic noise, and more fundamentally, thermal noise [8, 9, 10, 11] pose important limits on the sensitivity of these devices.
In another group of experiments involving precision measurements of distance or Earth gravity and more generally in interferometry, a common limitation is the uncertainty of the position of the 'reference point' . Since distance is a relative quantity from a reference point, fluctuations of the reference point during the measurement time will pose a limit on precision. However, to obtain * Electronic address: lwan@optik.uni-erlangen.de † URL: http://www.optik.uni-erlangen.de an absolutely non-moving, stationary point is no easy task -the only practical solution being to use a very long period oscillator such that during a short data acquisition time, the oscillator is in effect stationary. For example, in free-fall, absolute gravimeters [14, 15] where Earth gravity g can be measured to the 10 −9 accuracy, a long-period oscillator is often employed as the reference point of the interferometer. Almost universally, external noise in these devices is an important issue. Thermal noise, being one that is particularly difficult to overcome, is a result of coupling with the 'noisy' external environment via dissipation, causing the system to fluctuate with a thermal energy of k B T /2. In this letter, we show how this fluctuation can be reduced via a direct, dynamic 'cooling' method. We further show how the oscillator's natural frequency can be dynamically controlled, and demonstrate such control over a range of almost two decades. Finally, we note that cooling has been applied to micro-cantilever devices (with ∼ M Hz natural frequency) in recent years, often using opto-mechanical forces [16, 17, 18, 19, 20, 21] . Much of this group of work aimed at reaching the quantum limit, or even entanglement of these devices [18, 20] with a laser beam. We note here that the quantum limit is frequency dependent, and is entirely negligible in the present work, using a gram-size mass. Unlike the micro-cantilevers with relatively stiff arms, a torsion oscillator is typically more responsive to small forces.
We begin by considering a simple, mono-mode torsion oscillator, as shown in Fig. 1 
where θ represents the oscillator's angular position, ω 0 = τ /I the natural frequency, and β the damping rate due to coupling with the environment. The oscillator is under the influences of two external angular accelerations. The acceleration α th (t) due to a thermal force fluctuates randomly and can be assumed to have little correlation at the time scale of the oscillation period, with essentially a white spectrum: α th (t)α th (t ′ ) = Kδ(t − t ′ ), where K is a constant. At the time scale of β −1 , the oscillator reaches thermal equilibrium with the thermal environment at temperature T ext .
The external control acceleration, α c (t) can take a more general form that is a function of time, as well as the angular position and its velocity or acceleration. Furthermore, this control acceleration can also be a nonlinear function, thus enabling almost arbitrary control of the oscillator. Here, to demonstrate cooling, we employ a simple viscous damping: α c (t) = −Dθ, where D is the damping rate. Applying this external control acceleration, it is easy to see how the system will evolve.
By multiplying both sides of Eq. 1 byθ and taking an ensemble average, and noting that θ = ω
Here, T is the system's temperature at time t. The last term in Eq. 2, θ · α th (t) , has an explicit physical meaning of heating by energy exchange with the environment. It is easy to show that θ · α th (t) = βk B T ext /I. At thermal equilibrium, when the system temperature T is stationary, we have
Eqs. 2 and 3 afford a very clear physical picture -being in contact with both the external thermal environment and the noiseless (zero-temperature) cooling force, the system's overall rates of heating β ·(T ext − T ) and cooling D · T cancel each other at the equilibrium (Fig. 1 b) . In the experiment, Fig. 1 a, we use a macroscopic torsional oscillator made of a glass substrate 50 mm × 10 mm×0.15 mm in size (∼ 0.2 g). The substrate is goldcoated on both sides and fixed to a 15 cm long, 25 µm thick tungsten wire. The oscillator has a moment of inertia I = 4.4 × 10 −8 kg × m 2 and a torsional constant τ = 2.2 × 10 −7 N m rad −1 . The pendulum oscillates at a natural frequency f 0 = 0.36 Hz with a quality factor of Q ≈ 2, 300. Using a laser beam reflected from the center of the oscillator and a high-sensitivity quadrant diode detector followed by a lock-in detection technique, we measure the oscillator's angular position with an accuracy of ∼ 2 nrad Hz −1/2 . Reflecting from the center, the laser beam used in the optical lever exerts a negligible net torque. Two polished electrodes are positioned at one end of the balance. By electrically grounding the oscillator and changing the voltages on the electrodes, an electrostatic force can be applied to the oscillator in both directions. At the other end of the oscillator, a laser beam of controllable intensity can be reflected from the gold-coated surface, to introduce a well-calibrated light force. The entire apparatus is kept in a high vacuum (10 −7 mbar) environment which is mounted on top of an active vibration isolation system. In addition, seismic noise above the natural frequency is filtered from the oscillator by a special damping suspension.
The experiment relies on real-time, high accuracy determination of the oscillator's instantaneous angular position [22] . To achieve this, we implement the detection system shown in Fig. 1 a. A laser beam is modulated at 100 kHz, and the reflected beam is detected by a low noise quadrant position detector. The resulting differential photoelectric current is first pre-amplified and subsequently demodulated using a lock-in amplifier. Using this technique, a tremendous sensitivity of < 20 nrad/V FIG. 2: The oscillator's position is cooled in three consecutive steps, shown in the measured power spectral density functions (a-c). For low damping (a), the equivalent noise temperature is ∼ 6.8×10 4 K, due to micro-seismic excitation. For a higher damping rate (b), this temperature is reduced to ∼ 8 K, and finally in (c) to ∼ 300 mK, which corresponds to a 4.3 nrad RMS angular uncertainty. (d) An artificial electronic impulse applied to the feedback electrodes excites the oscillator to an equivalent temperature of 3×10 8 K. In this case, the damping force is first disabled. After a few oscillation cycles, a low damping is applied. This causes an exponential decrease of the system's temperature, as shown in the inset.
is reached. This angular voltage signal is then digitized at a sampling rate of 5 kHz and used as the input of a computerized digital control loop. Both input and output channels show analog/digital conversion noise levels of only ∼ 20 V Hz −1/2 . Owing to this conversion noise, the closed-loop control system shows an equivalent noise level of ∼ 2 nrad Hz −1/2 . Furthermore, the system is calibrated and tested to ensure that the 'in-loop' and 'out-of-loop' performance are in good agreement.
The digital loop has the advantage of convenient adjustment of control parameters. In the experiment, only proportional (P ) and differential (D) controllers are used. Fig.2 shows the power density of the oscillator's spectra at various equivalent temperatures. First, the oscillator is freely running and is well coupled to the surrounding seismic noise near its natural frequency of 0.36 Hz (curve a). Owing to this excess noise, the equivalent noise temperature is ∼ 10 5 K, more than two orders of magnitude higher than the thermal noise at room temperature. Applying a dynamic damping control, the equivalent temperature can be cooled to various levels (curves b, c), depending on the setting of this damping parameter. The lowest temperature reached in the experiment is < 300 mK.
To further examine the cooling process, we artificially excite the oscillator with an impulse applied to the control electrodes. After a few cycles, we measure the noise power spectrum of this excited oscillator (curve d) and it gives an equivalent temperature of ∼ 3 × 10 8 K. Then a low damping is applied, causing cooling. The inset of Fig.2 shows the time dependence of this cooling process, in good agreement with the prediction of the simple model given in Eq. 2.
Eq. 3 gives a simple relation of the oscillator's equilibrium temperature when a certain cooling parameter D is applied, based on our theoretical model. To further verify this model, we measure the oscillator's power spectrum and the equivalent temperature T = Iω 2 0 θ 2 /k B . Fig.3 shows the dependence of the equivalent temperature on the cooling rate; the theoretical and experimental results are in good agreement. Cooling or reducing noise of the oscillator can improve the sensitivity of measurement of very small forces. Although as in almost all cases the signal-to-noise ratio is not increased, by reducing noise, we can greatly reduce the dynamic range of the angular position detector and hence increase its sensitivity and gain. As an example, we show the detection of a very small force at the f N level, caused by the radiation pressure of a µW laser beam. To do this, a laser beam (laser-2 in Fig. 1 a) is directed onto and reflected from the gold-coated surface of the oscillator. The laser beam is modulated in a sinusoidal form at a period of ∼ 33 s with amplitude of 50 µW . This corresponds to a force of 330 f N in amplitude. Its effect is clearly visible, as shown in Fig. 4 . We note that the noise floor in Fig. 4 is at the equivalent of 100 f N mHz −1/2 . As a comparison, the typical force of a biological motor molecule is approximately 6.5 pN . Similarly, the gravitational force exerted by a 75 kg mass on a 1 g test mass at a distance of 1 m is approximately 5 pN . In both cases, the forces are approximately 50 times larger than the sensitivity shown here. We note that the small force measured here is purely due to the radiation pressure of light. While in some cases bolometric effects (e.g., uneven heating and thermal expansion of the device) can also cause a similar deflection, here the effect is negligible. This is verified by calibrating the light force on the system with electrostatic forces, by adjusting the voltages applied on the electrodes. The same levels of rotation of the torsion balance were observed when the same torque was applied, whether by light or by electrostatic force.
Finally, we demonstrate the dynamic control of the oscillator's natural frequency. In Eq. 1, if we add an "elastic" acceleration: α P (t) = Pθ, where P is a constant, the effective natural frequency will become ω 0 = (τ − P )/I. Depending on the choice of the sign and magnitude of the control parameter P , a wide range of effective natural frequencies can be obtained. In Fig. 5 , we show the result of this experiment. We note that the seismic noise spectra vary from site to site. With the method demonstrated here, it becomes possible to tailor the oscillator's frequency response and resonance to seek a 'quiet' frequency band where external noise is minimal, similar to that used in the VIRGO project [23] . A similar concept was also applied to confine or 'trap' a mirror aiming at the detection of gravitational waves [24] , where the "optical spring" force [25] is used to raise the natural frequency by over a decade.
In summary, we have demonstrated the dynamic cooling and control of a macroscopic oscillator, using an external, noise-free feedback force. Although we used electrostatic forces in the experiment, other means, such as light pressure or magneto-static force can also be applied to control the system. We have shown a reduction of the system's equivalent temperature from ∼ 10 5 K, due to the micro-seismic band, to < 300 mK. To our knowledge, this is the first time that such a great reduction of noise temperature, almost six orders of magnitude, has been achieved. The theoretical model we have given, albeit simple, describes the system's behavior very well and affords clear physical insights. Using the system, we further showed that very weak forces can be measured with f N sensitivity. Furthermore, we demonstrated the control of the oscillator's natural frequency, over a wide range. Finally, we note that the dynamic cooling and control method we have developed and reported here is a versatile one. It can be applied to experimental studies of other areas such as opto-mechanical multi-stability and parametric processes [26, 27, 28, 29] and the 'optical spring' effects [24] . We will also examine the applicability of the method in precision measurement of the Newtonian constant (G) [12, 13, 14] and other applications [30, 31, 32] .
